Left ventricular hypertrophy is based on cardiac myocyte growth. The hypertrophic process can be considered heterogeneous based on whether it also includes a remodeling and accumulation of fibrillar types I and III collagens that are responsible for impaired myocardial stiffness. In the heart, the messenger RNA (mRNA) for fibrillar collagen types I and III has been detected only in cardiac fibroblasts, whereas mRNA for basement membrane collagen type IV is present in both fibroblasts and myocytes. We studied the early and long-term expression of these collagenous proteins in rat myocardium after abdominal aortic banding with renal ischemia.
Left ventricular hypertrophy is based on cardiac myocyte growth. The hypertrophic process can be considered heterogeneous based on whether it also includes a remodeling and accumulation of fibrillar types I and III collagens that are responsible for impaired myocardial stiffness. In the heart, the messenger RNA (mRNA) for fibrillar collagen types I and III has been detected only in cardiac fibroblasts, whereas mRNA for basement membrane collagen type IV is present in both fibroblasts and myocytes. We studied the early and long-term expression of these collagenous proteins in rat myocardium after abdominal aortic banding with renal ischemia.
Complementary DNA probes for rat pro-af(I), mouse type III and mouse type IV collagens, and chicken f-actin were used. Northern and dot blot analysis on total RNA extracted from left ventricular tissue indicated a sixfold increase in steady-state levels of mRNA for collagen type I on day 3 of abdominal aortic banding, which had declined to control levels by day 7 where it remained rather constant at 4 and 8 weeks. Type m collagen showed a similar pattern of gene expression after banding. mRNA levels for type IV collagen, on the other hand, were elevated on day 1 after banding, returning to control at day 7 and remaining constant. Actin mRNA levels also increased on day 1 of banding, followed by a rapid return to control levels. Monospecific antibody to types I and Ill collagens and immunofluorescent light microscopy on frozen sections of the myocardium revealed that at 1 week after banding, the distribution and density of these collagens were similar to those of control animals. At 8 weeks, the density of collagen type I fibers was greater than controls, and a perivascular fibrosis involving intramyocardial coronary arteries also was present. The distribution and density of collagen types III and IV, however, remained unchanged at these intervals. Immunofluorescent Staining Tissue preparation and staining were performed as previously described.15 Briefly, banded and control rats were decapitated, and hearts were dissected, washed with phosphate buffered saline, and frozen in isopentane at -55°C. The frozen sections (15) (16) (17) (18) (19) (20) ,um) were cut at -20°C in a cryostat, mounted, and air-dried at room temperature. The primary antisera to rat tail tendon collagen type I and rat skin type III and mouse type IV collagen were raised in rabbits. An IgG-enriched fraction was precipitated with ammonium sulfate. The monospecificity of these antibodies was tested by enzyme-linked immunosorbent assay as described previously. 15 corresponding to a fivefold (p<0.01) increase in mRNA levels compared with nonbanded control rats. At day 7, mRNA levels had declined and reached a plateau at 4 weeks, where it remained constant 8 weeks after banding. The mRNA levels, however, were slightly higher than those of control hearts even at 8 weeks ( Figure 1A) . The same pattern of increased levels of mRNA for collagen type I also was evident in Northern blot analysis, as shown in Figure 2 .
For type III collagen, the same temporal pattern of increased mRNA levels was observed after aortic banding ( Figure 1B) . At day 3, mRNA levels reached a peak corresponding to a 1.7-fold (p=0.05) increase in mRNA levels compared with control rats. This increase was followed by a decline at day 7.
The steady-state level of mRNA for type IV collagen, however, was elevated in the left ventricle of the banded rats at day 1 (1.3-fold, p=0.06), remained elevated at day 3, and then returned to control levels by day 7, where it remained constant at 4 and 8 weeks ( Figure 1C ). Densitometric scanning of dot blot analysis indicated a prompt increase (2.5 -fold, p<0.01) in steady-state level of actin mRNA in the FIGURE 5. Immunofluorescence photomicrographs of frozen sections of rat heart with 6 weeks of abdominal aortic banding (panels b and d) and control rats (panels a and c). Cardiac sections were prepared and incubated with rabbit anti-mouse type III collagen, as described in "Materials and Methods.'" Magnification, x320.
banded animals at day 1, followed by a rapid return to control level by day 3, where it remained constant at 1, 4 and 8 weeks ( Figure 1D ).
Immunofluorescence Light Microscopy
The results of antibody staining on frozen sections of the left ventricle showed that the distribution of fibrillar collagen types I and III in the banded animals was similar to that seen in controls. In comparison, however, type I fibers were thicker and denser in the interstitial space and surrounding intramyocardial coronary arteries after 8 weeks of experimental hypertension (Figures 3 and 4 ). There were no detectable differences in the accumulation or distribution of fibrillar type III collagen in the ventricle of banded animals versus controls ( Figure  5 ). Similarly, immunofluorescent staining for type IV collagen, which is located mainly in the basement membrane, did not reveal any apparent differences in the accumulation of type IV collagen between hypertrophied and control hearts (data not shown).
In Situ Hybridization
To verify potential regional redistribution of mRNA for collagen types I and III in the myocardium caused by experimental hypertension, in situ hybridization was performed on cryostat sections of the heart at day 3 after aortic banding. mRNA for types I and III collagens was found in the interstitium, around the collagen struts. These hybridization signals for both collagen types were significantly increased in the ventricle of the rat with hypertension compared with controls ( Figure 6) ; however, no focal areas of mRNA accumulation were observed.
Discussion
Previous studies indicate that collagen volume fraction of the hypertrophied left ventricle was significantly increased at 4 and 8 weeks of experimental hypertension. This finding could be explained by the fact that for mature collagen fibers to be deposited, extracellular posttranslational modifications of the secreted collagen molecules are necessary. These modifications consist of intermolecular and intramolecular covalent cross-linking that lead to the formation of mature collagen fibers. Moreover, the twofold accumulation of fibrillar collagen that was observed in those studies, and which presented as a generalized interstitial fibrosis and a perivascular fibrosis of intramyocardial coronary arteries, was associated with abnormalities in diastolic and systolic myocardial stiffness.5'6'8 These 
